Coherent betatron oscillations (CBO) of the beam centroid in the Muon g − 2 storage ring modulates the radial decay position of the muons. This results in a modulation of the counted rate of the decay positrons due to the detector acceptance, asymmetry and the g − 2 oscillation phase on the the radial decay position. A possible overlap with a sideband of the CBO frequency may introduce a systematic effect. We propose a novel method to reduce the CBO amplitude by applying a transverse RF electric field. This CBO reduction method can be applied by modulating the voltage on the electric quadrupoles in the storage ring. We have simulated this method and optimized the frequency and the amplitude of the RF voltage and achieved an order of magnitude reduction. A RF system has been developed and partially tested with the Muon g − 2 storage ring.
Coherent betatron oscillations (CBO) of the beam centroid in the Muon g − 2 storage ring modulates the radial decay position of the muons. This results in a modulation of the counted rate of the decay positrons due to the detector acceptance, asymmetry and the g − 2 oscillation phase on the the radial decay position. A possible overlap with a sideband of the CBO frequency may introduce a systematic effect. We propose a novel method to reduce the CBO amplitude by applying a transverse RF electric field. This CBO reduction method can be applied by modulating the voltage on the electric quadrupoles in the storage ring. We have simulated this method and optimized the frequency and the amplitude of the RF voltage and achieved an order of magnitude reduction. A RF system has been developed and partially tested with the Muon g − 2 storage ring.
I. INTRODUCTION
Efforts to measure the muon magnetic anomaly a µ ≡ (g µ − 2)/2 with storage rings has been ongoing since the 1960s. Several key methods like the magic momentum were introduced in experiments at CERN [1] [2] [3] [4] . With better sensitivity, the BNL experiment [5] measured a greater than 3.5σ discrepancy with respect to the Standard Model [6, 7] . Currently, the Fermilab g − 2 collaboration is conducting a new experiment with an upgraded storage ring and detector systems. The goal of the experiment is to measure a µ with four times better sensitivity than the BNL experiment [8] . Figure 1 illustrates the basic concepts of the muon g − 2 experiment. The positive muon beam is produced in two steps: First, a proton beam hits a target to produce copious pions that decay into muons and neutrinos. After the pions decay, a small muon momentum bite is selected, yielding a longitudinally polarized (> 95%) muon beam at the magic momentum (p m = 3.1 GeV/c) that is then injected into the 14 m diameter storage ring. The beam is stored radially by a 1.45 T vertical dipole magnetic field and vertically by four sets of electrostatic quadrupoles. When the stored muons decay to positrons, the highest energy positrons are emitted in the direction of the muon polarization. This feature is exploited to measure the muon spin precession rate in the horizontal plane.
The a µ is primarily measured from the rotation fre- * corresponding author; selcuk.haciomeroglu@gmail.com quency of the muon polarization in the horizontal plane. The difference between this spin frequency and the cyclotron frequency is ω a = 2πf a ≈ a µ eB m , which provides a direct measurement of the magnetic anomaly. Here, B is the magnetic field strength, e and m are the electric charge and the mass of the muon respectively. The spin relative to the momentum makes a complete rotation in approximately 30 revolutions of the beam around the ring. 
FFT spectrum of the on-plane spin precession as obtained from a simulation. With f CBO ≈ 2f a , the peak at f CBO − f a may partially overlap with the f a signal.
equations
where ω c 6.7 MHz is the cyclotron frequency and n 0.12 is the weak focusing index. The betatron frequencies on the horizontal and vertical directions are ω c √ 1 − n and ω c √ n respectively. The horizontal betatron oscillation frequency is slightly less than the cyclotron frequency. Therefore, a localized detector sees it at 0.5 MHz, namely the CBO frequency (f CBO ) [5] .
The CBO may become a source of systematic error because the detector acceptance changes with the radial position of the muon decay. The systematic error shows up if one of its side bands overlaps with f a as shown in Figure 2 , pulling the g − 2 phase.
There are several methods to minimize the CBO problem:
• Using multiple detectors around the ring: This was shown in the BNL experiment to be an efficient method to reduce the effect.
• Move f CBO away from 2f a : This can be achieved by changing the quadrupole focusing index n, a measure of the field gradient at the quadrupoles. Figure 3 shows how the CBO effect changes with n. It suggests that the systematic error decreases by a factor of five if f CBO is tuned to be 10% off with respect to twice the g − 2 frequency.
• Suppress the CBO: In this work we propose the RF reduction method based on application of an oscillating electric field to minimize the CBO effect. 
II. THE RF REDUCTION METHOD
This method relies on damping the CBO by applying a transverse electric field at the CBO frequency (ω CBO = 2πf CBO = ω c (1 − √ 1 − n)) [9] . It can be applied in two different modes: dipole and quadrupole.
The dipole mode with the resonant frequency can move the centroid of the beam along the vertical axis of the transverse phase space. It moves the high (δp/p m > 0) and low (δp/p m < 0) momentum populations together when they have the same CBO phase. Figure 4 shows the effect of the dipole RF field with f CBO on the beam motion in the phase space. By a correct choice of the RF phase, the beam can be shifted on the vertical axis to reduce the CBO amplitude ( Figure 4a ). The dipole RF field can also be used in the scraping mode before the measurement period by choosing the opposite RF phase ( Figure 4b ). Scraping aims to remove the undesired beam halos. Otherwise, the so-called "muon losses" during the measurement period will lead to systematic effects in the measurement of ω a .
Similarly, the quadrupole mode also moves the high and low momentum populations along the vertical axis of phase space. In contrast to the dipole mode, it moves them in opposite directions when they are at the opposite sides of the design orbit. The beam width decreases as they reach the design orbit (See Figure 5 ).
III. SIMULATIONS OF THE RF REDUCTION METHOD
The simulations of the RF reduction were done with a precision tracking simulation tool written in C++ [10] . All of the essential parts of the ring were implemented in the program, such as the electrostatic quadrupoles [11] , the fast kicker magnets [12] , the vacuum chamber, and the collimators. A 3 kV RF voltage was applied to one quadrupole section 3.2 m long in azimuth for the simulation results shown in this discussion. The RF voltage will be distributed to all of the eight quadrupoles around the ring in the experiment, with a 0.5 kV amplitude on each quadrupole. Particles are stored for up to 200 µs in the simulations.
A. Single Particle Simulation
Single particle simulations were conducted as a proofof-principle. They used three particles of different momenta: magic (δp/p m = 0), high (δp/p m = +0.25%) and low (δp/p m = −0.25%) momentum muons. In the absence of a RF field, each particle follows an elliptical trajectory in phase space, whose origin and radius are determined by its momentum and initial position respectively. Figure 6 shows the trace of each particle in the presence of the dipole RF field with the optimum phase. The method works best if the particles are in phase. If they are out-of-phase, then a dipole RF increases the amplitude of one, and shrinks the amplitude of the other. On the other hand, the RF quadrupole mode shrinks the high and low momentum particle orbits if they are out of phase ( Figure 7 ). Note that the particle with magic momentum is not affected by the RF quadrupole field as it oscillates around the design orbit. 
B. Multiparticle Simulation
The multiparticle simulations were done with roughly 30,000 muons entering the storage ring. 95% of the particles hit the vacuum chamber or collimators and are lost after several turns around the ring.
The dipole RF field was applied from 2 to 7 µs for the scraping and from 10 to 20 µs for CBO reduction. The phase was optimized for the maximum CBO reduction, and its opposite phase was used for scraping. These two steps should have opposite phase. The phase was optimized for maximum CBO reduction without applying any scraping. Figure 8 compares the CBO with and without the RF field at the optimum phase. As shown in the figure, the CBO amplitude decreases by itself within 10-200 µs, even in the absence of a RF field. The damping time depends on the momentum spread of the beam and the multipole components of the electric focusing field. Because of the 20-pole component, CBO of different momenta populations vary, eventually leading a decoherence (See Figure  9 ). However, the application of the RF field before 20 µs improves the damping by almost an order of magnitude. The beating after 20 µs originates from the from the frequency deviation of the off-momentum particles.
The mechanism of the CBO reduction by a dipole RF is shown in Figure 10 . The middle plot shows how high and low momentum particle phases are shifted to be opposite of each other. The significant reduction in the CBO amplitude is due to this effect. Applying the RF quadrupole mode after the dipole mode does not have any further effect on the CBO reduction (See Figure 11 ), but it does decrease the oscillation of the individual particles. (See Figure 12) .
The total effect of the dipole and the quadrupole RF modes in the simulation are summarized in Figure 13 . The large circles show the orbits of the high (purple) and low (cyan) momentum populations. The center of mass for each population is shown with a square of the respective color. The top snapshot corresponds to a time before the application of any RF field. The dipole RF mode is applied to the beam, ending at 20 µs and with opposing phases for the high and low momentum populations. The centers of the two trajectories have also become symmetric around the design orbit. As explained above, the opposite phase provides the ideal condition for the RF quadrupole mode for shrinking the beam. Finally, the bottom snapshot shows how the RF quadrupole field shrinks the beam in the remaining 10 µs. 
IV. HARDWARE DEVELOPMENT
The muon beam is stored for around 800 µs with 12 Hz repetition frequency, where the quadrupoles are at voltage only during the measurement period. The pulsed voltage is transferred to the quadrupoles through high voltage (HV) resistors with approximately 5 µs RC time constants. More details about the quadrupoles can be found in [11] . The RF voltage is superimposed with the HV pulses ( Figure 14) to modulate the field at the quadrupole plates. Figure 15 shows a 3D drawing of the electrical elements connecting a quadrupole with the HV pulsers and RF electronics. There are four copies of each element in the box for each quadrupole plate. While the RF voltage is applied through the RF feedthrough on the left, the main field of the quadrupole is applied from the bottom of the resistors. Each RF source is protected by a gas discharge protector (shown in blue in Figure 15 ), which is followed by a potted HV capacitor that couples the RF to the quadrupole plates. Figure 16 shows the circuit diagram of the entire system.
The quadrupoles were also used for scraping in the BNL experiment [5, 11] and Run-I of the Fermilab experiment. Circular collimators were placed at different locations around the storage ring. Immediately before injection, the vertical plates were powered asymmetrically as were half of the radial plates, which shifted the beam both vertically and horizontally against on the collimators. Approximately 5 to 15 µs later the plate voltages were returned to a symmetric configuration, centering the beam in the storage region [5] . This procedure removed particles near the aperture and significantly reduced muon losses from the storage ring during the data collection period. The scraping mode duration in the upgraded experiment is around 7 µs [13] . The RF reduction method has an efficient scraping mode as well, where it may be preferable since the field index does not change during scraping in this method. The RF electronics can be disconnected and the RF branch of the circuit can be shorted to the ground (shown with 0.1 Ohm resistor in Figure 17 ) for back compatibility with the original scraping scheme. A. Preparation of the resistors and the capacitors HV breakdowns are initiated by the emission of electrons from the cathode to anode at high voltages. The exchange of charged particles between the cathode and anode can be enhanced through several mechanisms [14] [15] [16] . One way of avoiding electron HV breakdowns is to cut the contact between the air and conductors. The HV resistors and capacitors were potted in respective containers with silicone elastomer (SE) for this purpose (Figure 18) . The resistors and capacitors were potted one at a time. The potting procedure was as follows:
1. Preparation of the electrical connections and placing the components inside the containers. Preliminary tests with the Muon g − 2 storage ring were done by installing the RF system into one of the 3.2 m quadrupole sections. The motion of the beam centroid was observed with the fiber beam monitors [5] , and the results were consistent with simulations [17] . The HV RC circuit in these tests had 140 pF capacitors, and the power transfer was less than the optimal. The upgraded RF system ( Figure 18 ) uses capacitance values that are better matched to the quadrupole plates. This is expected to result in almost twice the transfer efficiency compared to the previous design. Moreover, the plan is to install the RF system into all of the quadrupoles, leading to a factor of 6 larger azimuthal coverage around the ring. A greater than 10 times more effective CBO reduction is expected after the installation of the system.
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